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ABSTRACT 


The  pfurpose  of  the  program  detailed  herein  Is  the  ultinate 
derelopaent  of  aailti-functlcm  sensors  for  spaes-Yehlcle  guidance 
and  narlgation.  This  second  quarterly  report  contains  detailed 
dlaoueslons  of  the  work  carried  out  by  the  contractor  daring  the 
reporting  period.  A  section  Is  devoted  to  the  theozy  of  Fresnel 
zone  plates.  Plans  for  the  next  quarter  are  discussed  briefly. 
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1.  imoDucnoM 


Tha  broad  obJaetlTe  of  tbe  work  reported  hare  le,  ultiaately, 
the  developiant  of  one  or  more  multi-function  eeneore  for  epace- 
Yehlcle  guidance  and  narigatlon*  The  more  limited  objectlre  of  the 
present  contract  la  the  dayalopment  of  concepts  and  prelimlnazy 
designs  in  tezma  of . their  sultabilitgr  for  possible  further  derelop- 
sent  work. 

Although  the  use  of  multi-function  sensors .  of f era  some  possiblUtgr 
of  reduction  in  orer-all  agrstem  slse.  Height,  and  power  consumptloUf 
the  primary  reason  for  dereloplng  these  sensors  is  the  promise  of 
improrement  in  orer-all  eystam  reliability.  A  single  multi-function 
sensor  may  or  may  not  be  preferable  to  the  aqulralant  set  of  special- 
purpose  sensors*  A  redundant  set  of  nultl-funetim  sensors,  howersr, 
is  aliMst  certain  to  offer  higher  reliability  than  the  aquiralent 
;  non-redundant  set  of  special-purpose  sensors* 

Another  way  of  improring  system  reliability  is  through  reduction 
in  the  computing  load*  For  example,  a  multi-function  sensor  might 
stabilise  itself  (functicn  1}  by  locking  on  to  the  celestial  sphsre 
(star-field  tracking)  and  simultaneously  track  a  target  (functimi  2) 
directly  in  celestial  coordinates.  The  alternative  straightforward 
approach  involves  star-field  or  multiple-star  tracking  to  determine 
vehiele  orientation,  tai^t  tracking  in  a  vehicle  coordinate  mrsteai, 
and  coaptation  to  convert  the  observed  (bodr-exis)  target  coordinates 
to  absolute  (celestial)  target  coordinates* 

For  the  present,  at  least,  the  program  is  limited  to  the  field 
of  optical  sensors  —  but  with  no  restriction  to  the  visible  portion 
of  the  speotrum,  A  further  limitation  of  the  initial  voric  is  that 
the  sensor  functions  considered  should  be  appropriate  to  operation 
in  cis-lunar  space. 


Two  sort*  of  oulti-funetloQ  Mnoors  com  iMMdlatoljr  to  aiiid. 

On*  is  •  (ffL  correlator  with  pr«8antly->aYallabI«  tarrainHutohing 
oapabllit;^  and  with,  at  least,  added  star-field  tracking  eapabilitj^. 
The  other  is  a  eoabination  of  TV  piokap  and  edge-sensing  oapabilitles, 
■aking  use  of  Libraseope  techniques.  Most  of  the  work  during  this 
quarter  was  oriented  tovard  the  first  of  these. 


2 .  BACKGROUND 


By  the  end  of  the  last  quarter  it  was  apparent  that  one 
interesting  possibility  for  a  multi -function  sensor  might  be  a 
combination  of  the  existing  terrain-nmatching  capability  of  the  GPL 
correlator  with  the  star-field  tracking  capability  under  development* 
On  this  basis,  one  obvious  area  for  effort  in  the  second  quarter  was 
that  of  bringing  the  star-field  tracking  capability  up  to  a  level 
approximating  that  of  the  terrain-matching  capability. 

It  was  tentatively  decided  during  the  first  quarter  that  the 
program  would  aim  primarily  at  exploitation  of  the  GPL  correlation 
technique  to  the  exclusion  of  the  Librascope  technique.  One  reason 
for  th.is  decision  was  the  relative  simplicity  of  the  GPL  technique* 
Another  reason  was  the  fact  that  the  Librascope  technique  is  presently 
undergoing  further  development  and  refinement  under  other  contracts, 

A  second  area  for  work  during  the  second  quarter  was  that  of  further 
consideration  of  this  decision  with  a  view  to  confirmation  of  our 
earlier  conclusion. 

On  the  assumption  that  the  program  would  finally  be  strongly 
oriented  toward  the  development  of  star-field  tracking  capability 
for  the  GPL  correlator,  tliere  were  a  number  of  unresolved  questions 
at  the  end  of  the  firs'^.  quart-er, 

a)  Can  the  GPL  correlator  look  directly,  at  the  star  field 
(as  the  terrain-matching  version  looks  directly  at  the 
ground) ,  or  will  sensitivity  limitations  impose  a  requirement 
for  electronic  image  intensification? 

b)  If  image  intensification  is  required,  should  this  be  post- 
correlation  or  pre-coirelation? 

c)  If  pre-correlation  image  intensification  is  used,  should 
additional  functions  be  allocated  to  the  optical  front  end 
(image  translation,  etc.)? 
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d)  Is  it  possible,  in  the  present  state  of  the  art,  to  design 
an  electronic  equivalent  of  a  mechanical  gimbal  system? 

Such  a  system  vould  eliminate  the  requirement  i or  many  of 
the  moving  parts  in  the  GPL  correlator. 

In  the  light  of  these  outstanding  questions,  and  of  the  decision 
to  press  on  witli  development  of  che  star^field  tracking  capability, 
the  second  q\iartor  prograrii  was  directed  toward  two  major  and  two 
minor  objectives. 

a)  A  major  effort,  at  GPL»  was  devoted  to  further  development 
of  the  star-field  reference, 

b)  A  minor  effort,  at  GPL,  was  devoted  to  the  que;’.tion  of  . 
characteristics  and  energy  levels  of  typical  spectral  star- 
field  targets, 

c)  A  major  effort _  at  Lib rascope,  was  devoted  , to  ascertaining 
the  state  of  ttie  art  in  the  field  of  optical/electronic 

V  transducers, 

d)  A  minor  effort,  at  Librascope.  was  devoted  to  the  specific 

question  of  the  possibility  of  developing  the  electronic 
equivalent  of  a  gimb ailing  system,  ' 

.  Detailed  results  of  the  work  in  these  areas  are  discussed  in 
the  following  section  of  this  report. 
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3*  WORK  DUKENG  TK£  GUHxtENT  QUARTER 

Work  during  the  current  quarter  (October,  November,  December  1962) 
was  essentially  in  accordance  with  tee  four-pronged  effort  mentioned 
in  the  preceding  section.  Significant,  progress  was  made  in  each  of 
these  areas, 

S  tar‘-Fi9ld  Refo y’onc & 

3y  the  end  of  the  last  quarter  significant  work  had  been 
accomplished  toward  two  types  of  star-field  references.  One  of  . 
these  consists  of  a  photograph  of  a  set  of  Fresnel  zone  plates, 
one  for  each  star,.  The  other  consists  of  a  spherical  metal  shell 
carrying  a  separate  lens  for  each  star, 

,  „.3.1,1  Zone -Plate  Reference) 

'  Fabrication  of  a  successful  zone-plate,  reference  . 

for  use  with,  a  simulated,  star  field  obviously  depends  on  the'  .  .  . 
availability  of  Fresnel  zone  plates  of  suitable  size  and  focal- length. 
By  the  end  of. the  last  quarter,  fabrication  techniques  had  been 
advanced  to  the  point  of  successfully  producing  a  Fresnel  zone  plate 
with  a  focal  length  of  6  inches  having  100  zones  .In  a  1/h  inch 
diameter.  Fired  by  this  success.^  GPL  proceeded  -to  develop  tech¬ 
niques  for  fabricating  zone  plates  with  a  focal  length  of  6  inches 
having  UOO  zones  in  a  .1/2  Inch  dj.ameter„ 

The  superior  performance  inherent  in  the  bOO-zone 
Fresnel  plate,  as  comparid  to  the  100-;zone  model,  is  considerable 
and  justifies  the  new  effort,  A  four-fold  increase  in  light 
gathering  capacity  is  anticipated  as  a  result  of  doubling  the 
diameter.  In  addition,  again  due  to  doubling  the  diameter,  the 
area  of  the  image  spot  will  be  reduced  by  a  factor  of  four. 

The  combined  result  of  these  two  effects  is  expected  to  be  an 
increase  by  a  factor  of  16  in  brightness  (Itimens  per  unit  area) 
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of  tlie  ;unage  spot  conipared  to  that  achievable  with  the  100-zone 
plate. 

Even  iiiore  significant  is  the  fact  that  the 
theoretical  brightness,  of  the  image  spot  with  a  UOO-zone  1/2  inch 
Fresnel  plate  is  6l^  greater  than  that  which  may  be  achieved  with 
a  conventional.  1/u  inch  lens.  .  Ovc.riapping  zone  plates  when  used 
in  a  star-field  reference  will,  of  course,  reduce  this  improvement 
somewhat.  On  the  other  hand,  however,  it  is  expected  that  the 
number  of  stars  which  may  be  represented  on  the  reference 
will  not  be  physically  limited  as  will  be  the  case  if  conventional 
lenses  are  employed.  Hence,  successful  development  of  a  liOO-zone 
plate  should  provide  the  possibility  of  a  Fresnel  zone  plate 
reference  which  compares  favorably  with  a  lensed  version. 

Previously  reported  zone  y^lates  were  first  drawn 
to  large  scale  and  then  photographically  reduced.  The  dimensions  . 
and  tolerances  associated  with  the  outer  rings  of  a  iyOO-zone  plate  .  • 
precludelthe  use  of  art  work,  but  are  within  the  capabilities  of 
macnirung  operatioiis,  Therefoj-e  the  larpe  scale,  model  for  the  UOO- 
;.'one  plate  was  machined  from  a  black-anod.t zed.  aluminum  jig  plate, 
me  result  was  an  it  incfi  diaiTieter  mactwi  plate  Having  uOO 

alternate' black  and  aluminum  zones. 

Initial  attempts  to  fabricate,  the  desired  1/2. inch 
zone  plate  in  the  laboratory  by  double,  photographic  reduction  from 
the  18  inch  master  were  not  successful,  iiowever,  successful  results 
were  obtained  by  the  GPL  Photo  Lab,  using  equApment  of  higher 
precision.  An  experimental  star-field  reference  was  then  fabricated 
using  20  of  the  1/2  inch  Fresnel  zone  plates  positioned  to  represent  the  . 
brightest  stars  in  a  region  of  the  sky  around  Polaris*  This 
reference  will  be  tested  in  the  laboi’atory  against  a  star-field 
simulator  which  contain.s  a  large  n’juiiber  of  stars  (20  of  which  are 
those  associated  with  the  reference)  from  the  same  celestial  region* 


The  '.entral  di. ff -ac  t, i on  image  fo me d  a  Fresnel 

zone  plate  lies  in  a  background  ol  light  which  passes  through  the 
zone  plate  without  being  diffracted.  By  blocking  out  the  central 
portion  of  the  tone  plate,  it  1-'  possible  to  effect  a  sharp  reduction 
in  the  background  (near  the  center  of  the  field)  while  reducing  the 
intensity  of.  the .diffraction  image  only  slightly.  This  effect  was 
verified  on  a.s.lngle  zone  pi^te,  and  a  second  star-field  reference 
was  fabricated  using- modified  -Fresnel  plates  (with  opaque  centers) » 
As  expected the  ■  signal~to-background  ratio  of  the  central  spot  in 
the  Vs  tar~fieici' correlat  ion  image  w-is  markedly  enhanced, 

.  Attempts  were  .made ,  .using  a  po.lnt  detectorj,  to  make 
a. quantitative  investigation  of- -the  pattern  formed  by . overlapping 
.  'zone -plates.  This  work  was  started  late  in  the  present  .quarter,  , 

-■ ’and  ■  no>  sign  if  results  were  .obtained.  It  will  be  continued  ... 

in  the ‘next 'quarter ,  , 

■  :  ■-  -A  disr.ussi'qn  of  t.iie  theory  of  the  Fresnel,  ione 

•  plate  has.oeen  prepared' and :”is'  incorpo.rated  in' this  report  as  .' 
Appendix  A>  ^  ..... 

.  g‘- 3.1.2  Lensed  'Heference 

The  spherical-shell  for  a  lensed  reference  was 
fabricated  during  thic  quartos r.  This  reference  models  the  same 
•  region  of  ..the  sky  as  the  Fresnel  plate,  reference  described  above# 

Other  References  - 

.  ’  Cons.ideration  was  given  to  the  possibility  of 

fabribating  a .lensed  reference  by  plastic  molding,  but  it  was 
decided  not  to  expend  any  effort  in  this  direction* 

3*2  Spectral  Characteristics  of  Star  Fields 

Some  work  was  done  at  GPL  in  the  general  area  of  spectral 
characteristics  and  energy  levels  of  typical  star  fields  at  which 


the  star-f^ld  tracker  eight  look.  The  lnw4iate  oatcooM  of  this 
stuebr  !•  *  eoncluslon  that  the  stats  of  the  ai^  in  detector 
sensltlTlty  Is  such  that  som  sort  of  leage  Intensifioatlon  sill 
be  required  to  provide  the  QPL  correlator  with  a  star<^fleld 
,  tracking . c apability  ,  • 

The  results  of  this  8tu(i|]r  are  included  as  Appendix  B  of 
this  report.'.  The  etutfy  itesif-  iiae  ye^  brief  and  ie  only  a  first 
pass  .at  the  problen.'.  Its ‘  ain,  ..hosever,.  nae  aierely  to  provide  an 
ansHsr.  to  the  question  of  irtiether  or  not  inage  intenelflcatioi 
idli  be  required.  For  this  purpose  it  is  adequate, 

■  3.3  Survey  of  Optical  Frcnt-teda 

A  Boderateiy  coaprehenslve  survey  of.  optical/electronlc 
transducers  was  eade  by  the  Llbrascope  Division.  As  a  result  of 
this  stuci^jT)  the  following  conclusiona  weze  reached.  . 

a)  Adequate  light  amplification  is  available  to  nake  8tar» 
field  tracking  feasible  for  the  QPL  corxelator, 

b)  The  resolution  of  available  image  intensiflers  is  such 

that  they  Aould  be  employed  in  a  post^orrelatlon  configuration 

c)  Because  of  relatively  poor  resolution  and  linearity,  eleetronlc 
image  manipulation  should  be  considered  as  bqyond  the  present 
state  of  the  art.  Gb  this  bas^,  ..the  eoxrelator  should 

'  look  directly  at  its  targets  and  should  hqdcy  post-eorrslatiott 
image  Intensifioaticn  as  required, 

d)  Further,  because  of  poor  resolution  and  linearity,  the 

{Nreeision  availabls  froai  tte  librasebpe  correlation  ta^- 
niqos  is  probably  inferior,  at  present,  to.  that  svaildblm 
fron  the  QPL  technique.  The  Librasoope  approsi^  mill, 
however,-  be  useful. in  areas  where  strali^tfoniard  Image 
aorrslation  is  not*  appUeable  sensing  Tt  yiflhiip 

.is  partleular  —  and  eunrant  develepmrat  of  the  tmltmlqn 
a 

•M  • 


will  b«  followad* 


P 

D 

I! 
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An  abbreviated  report  of  Llbraeeope  woric  is  included 
ae  Appendix  C  •  .  . 

3*U  Bleotronie  Olnballing  , 

As  a  res^t  of  ^e  atddty^  discussed  sbove.  It  uas  decided  . 
that  aaor.  ocsiprehenslve  atteapt.  at  electronic  giaball^  is  bejrond 
the  present  state'  of  the  art.  No  fui^her  vork  will  be  done  in  this 
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U.  PUMS  FCR  THB  NEXT  QUAgTEB 


•P]^8  for  tha  eoBlng  quarter  (Januaiy,  Februazy,  March  1963)  ara 
.briefly  oatllnad  belov* 


•  .Vfork  Hj.ll  .ba  continued  in  the  general  area  of  the  etar^ 
field  tracker  Hi^  enphasle  on  the  Freenal  aone  plate,  referanea* 

■  -  In  parUoular,  ea^riBentel  and.  theoretical  studiae  of  Uie 
beharior  of  qrerlapping  acme  ^tes  are.  eonteaiplateid. 

(gL*  A  short ‘study  hUI  be  kade  coverihg.the  pbeeibility  of 
noneta&U^  openition  of  the  (gL  correlator^  One  area  of  . 
y  ...  iutereat..^  ttie  possibili^  of  aanMl . openiUcm  by  an  operator 
to  wbda  st4^1<;Mrror  signals,  eure  displeire^  Anothur  area 

•  .of  interest  is  '^a  possibility  of  dsreloidng  tub  sets  of  error 
'  *  signals  (appropriately  labeled  by  nodUlation)  — r  one  set  to 

'.be  used  'fof  ‘8t>abilia.ing'  the.  ine'trunsnt.  anid  a  second  set  to  be 
<  .used,,  for  tracking  a.  cooperating 'target*.  ; 

•'s''-'  ■ 

. :  PPL  t.Conslctoratioa  •HiU.  be  giyeh'' to  the  general  problen  of  tracking 
a  coopaiktlTe 'irehlcle  for  the, purpose  of  effecting  rendesrous* 

‘  :  I't  is  .‘hoped 'that  Justification  eah.  be  der^oped  for  tracking 
such  a  ..▼ehlole' dlisietly  ^  absolute  (celestial)  coordinates* 


Llbrasoope  Soen  Hoxic'Hill  be  carried. out  in  the  area  of  etar- 
fieid  spectra  and.  «iergy  Isrels,  backing  up  the  first  pass  Hhich 


is  included,  as  Appkiuiix  B  of  this  report* 

Librasbope  A  bri^  repaid  Hill  be  prepared  eorering  recent 
Hozk  'bn  the  pass-point  inetruaent  and  contour  plotter*  This 


Hill  supplenent  Appendices  B  and  C  of  the  first  Quarterly 


Bsport* 


APPENDIX  A 


FOCUSSING  PROPERTIES  OF  FRESNEL  ZONE  PLATES 


•  A  diigrm  of  a  Froanol  zone  plat*  appaars  in  riguro  1.  Opaqua  Sanaa  . 
(zero  trananlsslMi)  ara  shoan  batehad  abila  claar  soMa  (unllgr  traiUMiasion) 
ara ‘  unhatohad.  Tha  radii  of  ^a  transitions  froa  elaar  to  opaqus  and 
vlce-varsa  ara  ohosan.  to  aaka  tha  dlffaranea  in  path  langths  trm  tha 
focal  point  of  tha  sons  plats  io  tha  two  adgas  of  anjr  sons  squal  to  ona 
half . waralangth  at.  tha  oparatihg  fraouancy.  Nunberlng  tha  transitions 


as  in  Figure  the  radius  of  tiie  n 
the  relationship 


transition,  r  ,  is  caloulataid  froa 


♦  r_ 


-  f  - 


aX 

r 


(1) 


where  the  factor  in  the  radical  ie  the  path  length  trcm  the  a^  transition 
to  the  focal  point,  f  is  the  focal  distance  and  X  is  the  waralangth  of. 
operation.  In  a  practical  zone  plate 


f  »  r_ 


m 


(2) 


for  all' values  of  m,  leading  to  the  approxination 


T_ 


m 


-.,?  )/  i;  +  -  xfl 


(3) 


Applying  this  approxiaatlon  to  (Ij  yields 


or 


aX  • 

T—1? 


-a  -  ^ 


(!»} 

(5) 


The  area  of  each  sons  is  Tazy  nearly  the  sans  as  that  of  atf  other  sons,, 
as  can  be  seen  by  calculating  tha  area  batwaan  transltlMM  a  and  a-l, 

.  This 'is 


WA 


(6) 


vtara  use  was  aada  of  tha  approxiaatlon  in  (U}« 


The  lUtunlnance  at  the  focal  point  of  the  sane  plate  la  detemined 
by  squaring  the  vector  sun  of  the  contribution  fron  each  clear  sone* 

Since  all  clear  sones  have  very  nearly  the  sane  area>  and  are  (for  a 
practical,  lone  plate)  at  virtually  the  sane  dlatanoe  from  the  focal 
point,  the  contribution  of  each  sone  will  have  the  aane  aagnltude.  The 
construction  of  the  acne  plate  assures  that  all  sonal  contributions  vUl 
add  ;ih  pirn's^' .(  tne  opaque  sones.  block  out  the  out  of  phase  contxdbutions). 

Hencej  xf  .the  vector  cont-ributicn  of  the  first  sone  is  k  and  there  are 
n  clear. -zones the.  total  vec^r  magnitude  at.  the  focal  point  will  be  nk» 

The  vector  contribution' of  tne  first  zone  laay  be  found  on  the  basis 
of  a  rather  simple,  argument,  due. to.  Fresnel. .  Imagine  that  the  sone  plate 
is  replaced  by  . a  variable  iris  which  is  first  closed  down  to  the  diesMter 
of  - tne  first  zone  and  then -opened  In' steps;  so  that  Ita  clrcunference 
coincides  with  the  next  larger. zone  trenaltion  at  each  stap.  Let  the 
iris  be  illuminated  with  axial,  coluaated  light  and  observe  the  magnitude 
of  the  vector  intensity  at  each  step.-  At  the  first  step,  the  magnitude 
will  be  k  and  at  the  second  step  it  will  .be  nearly  sero.  In  general,  tha 
ma^itude  will  rise  on  each  odd  numbered  step  .because  of  the  addition  of 
the. contribution  of  a  zone  in  phase  with  the  first  sone  and  will  fall  on 
each  even  numbered  step  because  of  the  contribution  of  an  out  of  pbaaa 
zone.  However,  each  rise  and  fail  will  be.  slightly  leas  than  the  ona  prmoeding 
it  because  of  the  obliquity  factor  (1  ♦;  coe  6),  whars  6  is  tha  aigla 
between  the  incident  Illumination  end  the  direction  from,  a  given  sone  to 
the  focal  point.  (The  obliquity  factor  combinad  with  Huygena*  eonatruetion 
Insures  that  light  will  be  propagated  on^  In  the  foreward  dirsetim.) 

Since  the  obliquity  factor  varies  slowlyV  a  plot  of  the  .  vector  magnitude  as 
a  fuiKition  of  step  number  would  appear  to  oeelllate  with  diminishing 
amplitude  around  the  value  k/2..  Thia  is  llluetrated  In  Figure  2. 

When  the  iris  opening  becoimss  indefinitely  largo,  the  vector  Intensity 
at  the  focal  point  becomme  k/2  and  the  il luminance  at  that  point  bsooMS 
identical  with  the  incident  iJluminence,  I.  Hence 

^  -  I  (7) 

and  the  illunlxiance  at  the  focal  point  of  a  sone  plats  wltb  n  olmar  soam 
la 


0  2 

a*  k^ 


I 


(8) 


8^ 


where  I  is  the  incident  Ulumlaanca  on  tbs  tons  plats* 


The  diffraction  pattern  appearing  at  Uie  focal  point  of  the  cone 
plate  when  iliuunlnated  by  an  axial  plane  wave  is  analyzed  on  the  basis 
of  the  geometjy  of  Figure  3*  The  vector  Intensity  at  any  point  in  the 
focal  plane*  at  a  displacement  y^  from  the  focal  point  is 


where  C  is  a  constant  to  be  adjusted  in  conformation  with  (8), 

R  is  the  outermost  radius  of  the  zone  plate 

.S(p)  is  the  transmission  of  the  zone  plate  along  a  radius  and  is 
glvon  by 


1,  v^Xjf  +  i)  Kf 


S(p)  -< 


m 


+  1)  Xf  ^ 


m  Oj  2f  li)  ••• 


If  the  function  S{p)  were  plotted  as  a  function  of  p  ,  it  would  ba  saen 
to  be  a  square  wave  with  a  50jS  duty  rati-v,  peak  to  pe^  excursion  of 
unity  and  average  value  of  one  half.  Hence,  it  may  be  expanded  in  a 
Fourier  series  with  as  the  variable  and  with  a  period  of  2  Xf  to  yield 


S(p)  I  t  -^-'ITin  i  sin  ^ 


,1.^1 


2  Tt 


_  ■(2k—-iJ  j  «P  C(2k  -  1)  jw  p2/xf] 


k  - 


Substituting  from  (10)  into  (9)  and  rearranging  yields 


V  - 


C 


tTR' 


J  P 


.i  \  -P3g>  ti2kwp^Af3  ^ 

^  2k  -  1  ^ 

k  -  ^ 


.  y*  ,*p  i-js 


JSffpy^  elne  /fl]  dG 
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The  kernel  of  the  second  integral  may  be  expanded  into  a  series  with  Bessel 
function  coefficients  as  below; 


Hence ,  the  second  Integra^  reduces  to 


-J 


2ffpy^  sin  0 
— 


de 


(12) 


(13) 


Now,  substo-tviting  from  (13)  into  (11)  yields 


(Hi) 

A-5 


In  the  vicinity  of  the  focal  point  (y  •  o)  the  first  term  on  the  right 
side  of  (lU)  is  dominant  and  the  others  may  be  neglected.  The  justification 
involves  the  fact  that  J  ( e)  "  1  vrtien  e  is  small  (as  it  is  when  y  ••  o) 
and  that  the  exponential'^quantities  in  the  last  three  terms  oscillSte  many 
times  over  the  range  of  integration  yielding  integrals  which  are  nearly 
zero.  Hence 


If  the  zone  plate  contains  n  clear  zones 


R  -  )/[2n  ♦  1)  fT  (16) 


Therefor 

/srr-r /^) 

(2iiy^  ) 


(17) 


The  constant  C  is  evaluated  by  setting 


lV(o)l 


■  lin^  I 


from  (8),  Substituting  from  (l?)  into  (l8)  yields 


(18) 


TT 


J^(o) 


Uc^  1 

nr  •  F 


I 


or  D.^  I 


(19) 


Hence  the  diffraction  pattern  in  the  focal  plane  ie  given  very  nearly  by 

2 

[j^  C?tty^  v/aTTi  /  V^xl] 


|V(y^)l^  -  I6n^  I 


(2ny^  V  2n  +  1  /  V^) 


(20) 


A  plot  of  equation  (20),  normalized  to  tne  value  at  the  peak,  appears  in 
Figure  A-U.  The  main  lobe  of  the  diffraction  pattern  is  seen  to  be  more 
than  20  times  brighter  at  the  peak  than  the  maximum  brightness  of  the  first 
minor  lobe.  '  ■ 


The  first  zero  of  the  J,  (x)/x  function  occurs  when  x  -  3. 83.  Hence, 
the  main  lobe  of  the  diffraction  pattern  is  confined  within  a  radius,  r^ 
given  by  '  . 


‘d' 


2nr^  V2n  +  1 


»  3.83 


VfT 


or 


nr*  3.2n 


(21) 


This  result,  i.e.  the  shape  and  siae  of  the  diffraction  pattern,  is 
identical  with  what  would  have  been  the  case  if  a  lens  of  radius  R  and 
focal  length  f  had  been  used  in  place  of  the  sons  plate.  However,  the 
light  gathering  power  of  the  lens  is  greater  than  that  of  the  sons  plate. 
All  of  the  light  incident  on  the  lens  appears  in  a  diffraotion  pattern 
like  that  given  by  (20).  The  zone  plate  rejects  half  of  the  incident 
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light  iDBedlately  (by  virtue  of  the  opaque  sooae)  axKl  places  part  of  the 
remainder  into  non-focussing  diffraction  orders.  This  Is  the  significance 
of  the  terms  of  (Ui)  which  were  ndglected  in  arriving  at  (20).  The  first 
neglected  tern  represents  a  portion  of  the  incident  plane  wave  propagating 
straight  through  the  zone  plate ,  attenuated  bgr  the  average  transmission 
alone.  The  remaining  neglected  tenns  repressnt  waves  conferglng  to 
real  foci  at  f/3,  f/5  etc.  and  diverging  from  virtual  foci  at  -f,  -f/3, 
-f/5,  etc.  The  total  power  in  each  term,  i.e.  both  the  term  representing 
power  which  comes  to  a  focus  at  f  and  all  other  terms, is  proporti(mal  to 
the  square  of  the  coefficient  of  the  corresponding  term  in  the  complex 
.expansion  of  S(p)  in  (lO).  Since 


1 

H 


1 

2 


(22) 


and  since  the  square  of  the  coefficient  of  the  term  which  comae  to  a  focus 
at  f  is 


- - 

(2k  -  1) 


the  percentage  of  the  incident  power  which  appears  in  the  dosiinant  diffraction 
pattern  is 


-i  -  10.21 

Hence ,  the  zone  plate  has  about  one  tenth  the  light  gathering  power  df 
a  lens  of  the  same  aperture.  Conversely,  a  aone  plate  produces  a  diffraction 
image  about  ten  times  mors  conosntratsd  than  a  lens  of  the  sans  light 
gathering  power.  In  addition,  the  tone  plate  being  (in  a  sense)  an 
infinitesimally  thin  lens,  its  off-axis  foouaalng  will  be  aooonpUahed 
with  significantly  less  aberrations  than  those  encountered  in  a  real 
lens*’. 

The  distribution  of  the  power  appearing  in  the  doadnant  diffraction 
pattern  is  plotted  in  Figure  A-5*  The  ordinate  of  eaoh  point  on  the  curve 
gives  the  percentage  of  the  total  power  (in  the  dominant  pattern)  that 
lies  within  a  circle  of  radius  x  around  the  focal  point.  Hare 


and  y  is  the  actual  radial  distance  in  the  focal  plane.  The  curre  i’:^ 
Figuri  A-5  was  derived  by-  integrating  equation  (20)  over  the  focal  plaiie 
and  then  normalizing  by-  l/ff  times  the  total  power :  incident  on  the  zone 
plate,'  Thus 


%  total  power 


tTE^  l/«^ 


E‘I 


2J;L(2fly^R/fX) 


(2ny^fi/fX) 


.  Sir^n®  tAf  .  I 
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r  ■ 
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2  . 


ds 


2n" 


(2m  ♦  1) 
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_  / 
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2J3^(i) 


ds 


(23) 


In  grrlvlng  at  (23)  liberal  use  via  aade  of  equation  (l6)  relating  n  and 
fX.  Equation  (2)  was  integrated  nunerioally  ufiag  the  tra:pttoidal  rule. 

The  plot  in  Figure  A-5  ehowa  that  the  nain  lobe  qontainii  approxiJBatelj’ 
Qh%  of  the  power  in  the  dominant  diffraotion  pattern^  ehile  $0%  of  the 
power  in  this  pattern  is  contained  within  a  oirole  whose  radius^  r^^,  is 

given  by 
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AVAILABLE  POWER  FRCM  STABS 


selection  of  a  sultabla  detector  for  etar  field  tracking  preeupposca 
a  knowledge  of  the  apeetral  content  of  etar  light  and  the  tranaBieBion 
characteriatica  of  the  lenaea  (aitier  conrantional  lenaea  or  Freanel 
sone  plate  tranaparenciea)  aa  a  function  of  wavelength.  A  detector 
with  a  apeetral  reaponae  which  maxiaiizea  the  relative  ayaten  aenaitivlly 
can  then  be  selected*  Absolute  agrsten  aenaitivit/  would  then  be 
prinaril7  function  of  star  statistics  and  would  deterndne  the  need 
for  iaage  intensification. 

Other  factors  must  also  be  censidered*  The  detector  in  a 
multi-function  sensor  must  be  compatible  with  more  than  one  function. 
For  exanple,  it  mey  be  desired  that  the  same  detector  be  suitable 
for  terrain  matching  as  well  as  star  field  tracking*  Then  the 
spectral  content  of  reflected  sunlight  from  natural  and  nan  made 
objects  must  be  considered  in  conjunction  with  tne  spectral  content 
of  star  light. 

Keference  [1]  indicates  that  there  is  little  cozrelatlon  between 
apparent  brlghtneee  of  a  star  and  spectral  type,  and  that  more  than 
99  percent  of  the  stars  belong  to  spectral  classes  B,  A,  F,  Q,  K, 
and  H.  By  means  of  published  data  on  the  percentage  of  stars  (from 
the  Hemy  Draper  Catalogue)  of  the  principki  spectral  elasees,  the 
color  temperature  of  stars  of  various  spectral  classes,  and  Plaxick'a 
foraula  for  the  Intensity  of  radiation  of  a  black  bo(^  as  a  function 
of  wavelength,  the  spectnl  content  of  star  light  was  estimated. 

Table  1  gives  the  results  relative  to  the  intensity  at  0.1  micron. 

It  should  be  noted  that  ultra  violet  radiation  predominates,. 

TABLE  I 

fislatlve  Spectral  Content  of  Star  Light 
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Star  statistics  have  been  briefly  investigated  during  the  past 
two  months.  The  emphasis  has  been  on  galactic  latitude  90  degrees 


where  the  star  deaelty,  number  of  stare  per  square  degree^  Is  a  minlnm. 
Based  upon  published  data  on  star  densities,  the  nuad)er  of  stars  per 
square  degree  at  galactic  latitude  90  degrees  as  a  function  of  visual 
magnitude  has  been  calculated  and  is  presented  in  Table  II. 

TABLE  II 

Star  Oenslties  as  a  Function  of  Visual  Magnitude 
at  Galactic  Latitude  90  Dsgrees 


Ajifffiiaring  \i8«  of  Bltctro-Optlcal  Sy^Bten's  BTT  Xr2QB  as  a  dstsotor, 
th«  nuiri>ar  of  stars  as  a  function  of  rlsual  aagnltuds  requirsd  to 
yield  a  unity  S/Il  ratio  for  a  1  cylee  bandMldth  system  eBqplogring 
l/h  inch  apertures  in  the  star  field  reference  was  calculated  and 
is  sunaarlzed  in  Table  III*  The  field  of  view  required  to  provide 
the  necessary  number  of  stars  is  also  sumsarlzed  in  Table  III. 

TABUS  III 

Nusiber  of  Stars  and  Field  of  View  for  Unity  S/t(  Batlo 


M 

V 

Niunber  of  Stars 

Field  of  View 

0 

2.65 

U.19  X  10^  sq 

1 

6.65 

3.22  X  10^ 

2 

1,67  X  10 

2  X  10^ 

3 

U.19  X  10 

1.57  X  1(A 

U 

1.05  X  10^ 

1,01  X  10^ 

5 

2,63  X  10^ 

8,71  X  10^ 

6 

6,6  X  10^ 

• 

8,U9  X  10^ 

7 

1,66  X  10^ 

7.I4U  X  10^ 

6 

1».16  X  10^ 

6,88  X  10^ 

9 

1,05  X  10^ 

6,61  X  10^ 

10 

2.62  X  1(A 

6.57  X  ICp 

11 

6.58  X  10^ 

7.86  X  10^ 

Admittedly,  the  data  of  Tables  II  and  III  (and  also  Table  I) 
were  derived  by  means  of  rough  calculations  and  approxiBations* 

Their  value,  however,  lies  in  the  "feel”  which  th^  provide  for  the 
problem,  thus  opexiing  new  areas  for  Investigation.  As  a  result 
of  the  data  of  Tables  II  and  III,  for  example,  it  becosms  evident 
that  image  intensification  is  necessary  in  a  feasible  system  design* 

agmaicas.  Appropg  b 


[1]  Bussell,  Bogan,  Stewart;  A8trcmo^y  n.  Astrophysics  and  Stellar 
Astronosy;  Olnn  and  Company,  1955. 


APPENDIX  C 

SUEVSI  OF  AMPLIFnNQ  OPTICAL  FBONT  BOS 


An  iaag*  IntanalfLer  tuba  usualljr  Msoelated  iflth  •laetronle 
Ugbt  amplification  la  baaleaUjr  a  Miltl-atago  oaaoadad  laaga 
ewTarter  uaing  aagnatle  foeuaiag  of  tha  alaotron  iatga  on  a  thin- 
flljB  vindow  to  ooupla  batwaan  atagaa*  Tha  thin-wlndov  coupling 
haa  pboapbor  on  tha  flrat  alda  and  a  photoaalaalTa  natarlal  on 
tha  aeoond  alda  ao  that  tha  inaga  la  optically  couplad  with  a 
minlnun  loaa  of  light  and  iaiaga  detail.  It  ahould  ba  noted  that 
the  input  cathode  nuat  be  a  photoeBdasive  naterial,  and  aa  aueh 
la  United  to  ahorter  morelangth  energy  of  loaa  than  1.5  niorona 
Baking  It  uaaful  for  aanalng  bodiag  uhich  anlt  or  reflect  energy 
from  black  bodlea  approaching  UOOO^.  Thna  It  would  not  ba 
mpplleabla  to  aenaing  faaturaa  on  tha  daz^  alda  of  planata,  which 
la  a  linitatian  cobbiod  to  detactora  amplogrlng  photo^aaloi  each 
aa  photoaailtlpllara.  Theaa  inaga  intanaiflara  hare  tha  adrantaga 
that  tha  entire  {Aotoanittad  inaga  la  aecaleratad,  nagnetlcaUy 
focuaed,  and  nagnetlcaUy  diaplacad  in  a  nannar  auch  that  tha 
idiola  of  the  image  la  contlnuoualy  avallabla  and  nay  be  aubaaquontly 
optically  correlated.  Technlquaa  for  rotating  the  image  electronically 
are  not  readily  apparent}  alnca  each  alamant  moat  ba  diaplacad 
proportional  to  ita  radlua  from  tha  canter,  a  rather  comidax 
alactromagnatic  or  elactroatatic  prooaaa  would  ba  raquir^. 

Hewer  technlquaa  for  image  pickup  and  dlaplay  employ  aolid 
atate  tachnlquea.  Tha  inaga  la  aanaad  with  a  photo-conductor  (PC) 
that  la  electrically  couplad  to  an  alectrolumlnaacant  panel  (IL) 
which  dlaplaya  tha  conrartad  image.  With  proper  apactral  matohing 
of  the  optical  feedback  may  ba  amployad.  aalactlon  of 

matarlala,  liq)atoieea,  and  time  conatanta,  Tarioua  mmaozy  oondltlona 
may  ba  aatabllabad.  Theaa  tachnlquea  are  praaantly  lladtad  in 
raaolutlon.  Libraaoopa  bad  daralopad  matarlala  which  aanaa  ultra- 
violet,  dlepLay  in  tha  wlalbla  for  up  to  tan  adnutaa,  and  are  araaad 
by  infrared.  Baaolutlona  of  5  line  paira^na  are  poaalblo  with  thla 
technique  aa  compared  to  l5  to  25  line  paixa^aa  for  typical  imago 
Intanalflar  tubaa.  (Phoaphor  currently  being  daralopad  for  typical 
tubaa  may  yield  1I5  lima  paira/iai,  but  the  afficianoy  raaolutlon 
product  la  about  tha  aama  aa  for  P-20  powder  acreana.) 

A  reviaw  of  image  intanaiflar  tachnlquea  diacloaaa  a  tramandoua 
range  of  also  and  oharactariatloa  in  theaa  derlcaa.  laph»aia  haa 
bean  placed  \q)on  aaeklng  a  amall  Intanaifiar,  althouf^  ▼araatUity 
ia  alao  a  major  ocnaidaraticn.  One  of  tha  amallaat  derlcaa  apidJcabla 
to  image  intanaificatiaa  la  tha  Bandix  MniinBaua-ehnaaiA  maltipiliar 
(Bafamioa  (1],  pp.  211  and  219)  uhioh  ia  a  aylindrieal  tuba 
0.02  inabaa  in  dlMwtar  and  0.01}  inehaa  long*  It  ia  eanoaiTadlla 
that  an  array  of  theaa  tan  darioaa  eeuld  ba  uaad  aa  an  intanatfllar^ 
or  that  thay  could  ba  arraagad  ia  groupa  to  rao^alM  *  •ter  pattna, 
•Ithoui^  their  application  ia  praaantly  limited  ly  anall  mpwtera^ 


angle  of  Incidence  of  the  radlatioi,  and  aenaltivltgr  to  ultzv* 
violet,  Becauae  of  ite  aMll  size,  eone  of  the  liadtatiotta  of 
this  tube  nay  be  overcome  by  coupling  it  opticaUy  to  a  ■pfi't 
image  converter  tube  like  the  SCI  691it  (1*75  inches  in  dianeter 
and  2,75  inches  long),  thereby  in  effect  achieving  an  optical 
aperture,  or  group  of  apertures  that  may  be  selected,  similar  to 
the  electronic  pinhole  in  an  image  dissector  tube  like  l^e  ITT 
116  (2.0  inches  in  diameter  and  6.2$  inches  l(»ig,  with  a  cathode 
diameter  of  0,75  inches). 

Although  the  glass  envelope  of  the  Image  ccaxverter  is  more 
compact  and  the  comblnatioa  of  components  more  versatile,  a  major 
difflcTilty  may  result  in  attempting  to  significantly  deflect  the 
image  due  to  the  greater  photocathode  diameter  and  accelerating 
potentials  associated  with  the  image  converters  and  lnt#nslfiers. 

The  aeceleratini;  potential  of  the  RCA  6911i  (Reference  [2],  p.  160U 
and  Reference  (31)  le  16,000  volts  for  a  conversion  inddX  of  30. 
Therefore,  a  low  response  deflection  coll  vltti  many  fine  turns  mould 
appreciably  increase  the  size  and  weight  of  the  system.  Tradeoffs 
between  performance  with  lesser  voltage  gradients  versus  deflection 
requirements  would  need  to  be  evaluated.  This  problem  is  coBau>n 
to  wide  photocathode  isiage  deflection  systems  a  high 

accelerating  potential  is  relied  upon  for  accurate  focus  and  high 
efficiency-resolution  product.  Intensifiers  which  employ  a 
sequential  scan  readout  where  a  small  interrogation  beam  originates 
from  the  neck  of  the  tube  are  more  easily  controlled, 

Osvlces  irtiich  employ  both  the  principles  of  image  intensification 
and  sequential  scan  readout  such  as  the  Intensifier  Orthicon  (Reference 
(11,  p.  323)  are  excessively  long  (3.5  inches  in  diameter  and  29 
Inches  long).  Their  length  is  due  to  the  fact  that  they  are  designed 
for  low  light  levels  such  as  ■•■22  magnitude  stars  and,  therefore, 
have  high  image  intensification  to  overcome  subsequent  readout  beam 
noise.  Other  devices  which  overcone  readout  beam  noise  by  other 
means  are  the  Isocon  (Rsferexice  fl],  p.  Ii3)  by  subseqr.ent  multiplication 
of  only  the  electrons  scattered  from  the  specularly  reflected 
beam,  and  the  Sxitron  (Reference  (U],  p.  306)  which  integrates  the 
photoemltted  image  information  before  it  is  scanned.  The  Xsage 
Orthicon  Includes  Integration  of  the  photoemltted  image  and  also 
subsequent  multiplication,  and  is  eonsecpiently  longer.  Thus,  there 
is  a  wide  variety  of  tradeoffs  between  exceptional  li^t  ampllfioatlon 
and  simplicity  in  the  image  sensing  device. 

Qebel  points  out  in  Project  Cateye  (Rsferonoe  [$],  pp,  56  threuf^ 
63)  that  an  imago  converter  does  not  increase  contrast,  that 
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reaolution  is  tradsd  for  sonsltlTltsr  in  ossoadlng  stsgss  dirsotljr. 
Ssqttsntlal  lic^t-sapliflcstlon  vhicb  has  tha  ability  to  a<bl  and 
8ubsaqnsnt3y  subtract  infomation  or  to  utiliso  dsriTatiTs  ixifor- 
nation  nay  elininato  background,  inprove  contrast,  and  sharpen 
edges,  point  sonrces,  or  soring  targets  (JRsference  [5],  p.  56, 
Eeferance  [  ]J,  p.  79  and  Bsferenee  [6],  p.  560).  Sii^e  back¬ 
ground  subtiaction  say  be  used  to  sharpen  stationazy  edges  and 
points  by  defoousing  the  subtracted  isage.  This  say  be  eiq>loyed 
by  subtracting  alternate  isages  (Bsferenee  [5]>  p*  57)  sequentiaUly, 
or  to  a  lisitad  extent  by  a  balanced  subtraction  of  one  color  frost 
another  (e.g.,  IB  from  UV)  on  a  real  time  basis  idiere  ^  spectral 
characteristic  of  the  background  is  known;  howerer,  backgrounds  are 
seldom  cooperative* 

For  horlson  sensing  against  the  earth,  there  exists  a  thermal 
gradient  through  the  atmosphere  and  atmospheric  windows  through  idiioh 
the  Earth  Itself  say  be  sensed.  These  present  a  variety  of  criteria 
for  distinguishing  a  particular  horison  condition  from  false  cloud 
reflections  or  some  other  portion  of  the  gradien^  The  mean 
te^perat^  of  the  upper  atmosphere  is  about  220*T,  with  lows  of 
about  2Q5a,  such  that  a  threshold  of  200  a  detected  against  a  U  a 
slgr  establirtee  a  horlson  in  the  upper  atmosphere.  This  condition 
gives  a  peak  radiation  of  l5p  with  ground  level  radiation  (through 
the  8-13(i  window,  peaking  at  lOp)  superimposed*  Although  maiy 
horlson  scaoners  emphasise  this  upper  atmosphere  horison  in  theozy, 
a  200^K  bo^  does  not  radiate  much  energy  and  detectors  are  not 
vezy  sensitive  in  this  region  so  they  actually  rely  upon  the  rein¬ 
forcing  energy  through  the  8-13p  window.  This  causes  a  vague  horlson 
dependent  upon  relative  contrast.  The  higher  temperatuzw  of  the 
Earth's  surface  radiates  three  to  four  times  as  much  energy  with  a 
spectral  peak  in  a  region  idiere  detectors  are  more  sensitive. 

Accurate  horlson  sensing  at  the  Earth's  surface  depends  upon  sensing 
the  contrast  near  the  surface  due  to  the  adiabatic  temperature 
gradient.  The  contrast  between  two  temperatures  over  a  narrow 
spectral  band  stands  out  most  readily  when  contrast  is  sensed  cm 
the  steep  portion  of  the  black  bo<iy  curve  (Bsferenee  (2i],  p*  258) 
at  wavelengths  shorter  than  the  spectral  peak.  lAien  an  observatien 
of  contrast  is  desirable,  tbezmal  Imaging  cosibliMd  with  te^mi<iBOs 
for  contrast  isqprovament  offer  Interesting  possibilities  in  viswii^ 
the  Earth  through  tlis  3*0  to  U.Op  and/or  U.5  to  5.0ti  atmos^rlo 
windows.  The  lower  percent  energy  available  in  these  limited 
regions  is  compensated  for  by  a  slope  sk»«  applicable  to  swising 
contrast,  by  more  sensitive  and  versatile  detectors,  by  a  wider 
variety  of  optical  materials  and  coatings,  and  by  tbs  ability  to 
decrease  radiatl(»i  fran  surroundings  by  moderate  cooling* 
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Infrared  pickup  tubes  bare  rarloue  spectral  respcnsei  (Baference  [2], 
page  1607)  and  sensltlTitles  depending  upon  the  naterials  used.  The 
more  recent  developnents  are  classified  and  presented  in  the  Proceedings 
of  the  Infrared  Image  Symposium.  These  image  tubes  also  offer  a 
comproBd.se  betueen  star  tracking  of  red  stars  orer  a  broad  spectral 
bandf  thennal  sensing^  and  horison  sensing*  Thusf  se<ittential  searaing 
and  correlation  offer  the  possibility  of  including  the  functions 
required  for  Earth>centered  zuiTigation.  The  dazic  side  of  a  lunar 
ozbit  is  more  difficult  in  that  the  temperatures  require  sensing  of 
1^*^,  but  there  are  tradeoffs  in  that  ths  moon  has  no  ataosphers 
and  its  radius  is  less,  so  a  lesser  sngulsr  aceuraqr  msy  be  required 
for  equivalent  orbital  altitudes  above  ths  lunar  surface* 
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